IMPORTANCE 28
Adenoviruses (Ad) are widely used for applications of vaccination and gene therapy. 29
Importantly, Ad vectors have been shown to differ significantly in their innate immune profiles 30 both in vivo and in vitro. The molecular mechanism which underlies these observed differences 31 has important implications for the development of improved vaccines. In this study, we propose 32 a mechanism in which the degree of late endosomal trafficking of Ad vectors results in 33 differential stimulation of late endosomal pattern recognition receptors. 34
INTRODUCTION 35
Given the limitations that have become evident with adenovirus serotype 5 (Ad5) 36 vectors, alternative serotype Ad vectors have been developed from serotypes against which 37 high-level humoral responses are less common in the global population, including Ad35 and 38
Ad26 (1-3). Interestingly, in addition to circumventing high levels of Ad5 neutralizing antibodies, 39 alternative serotype Ad vectors differ substantially from Ad5 in the phenotypes of innate and 40 adaptive immune responses elicited by vaccination (1, 4, 5) . Moreover, several alternative 41 serotype Ad vector-based vaccines confer increased protection relative to Ad5 against 42 pathogenic SIVmac251 challenges in rhesus monkeys (4, 6, 7) . 43
Innate immune stimulation is a critical determinant for establishing the magnitude and 44 phenotype of adaptive immune responses (8-11). Previously, our group and others have shown 45
that Ad vectors differ markedly in their innate immune stimulatory properties (12, 13) . In 46 particular, Ad35 and Ad26 induce significantly higher levels of antiviral and proinflammatory 47
RESULTS

150
Ad35 and Ad26 accumulate to higher levels than Ad5 in the late endosomal 151 compartment at 2-8 hours following infection. To assess the intracellular trafficking 152 pathways for Ad5, Ad35, and Ad26, vectors were covalently labeled with the NHS-ester of 153
Atto633 and tested for viability as previously described (20) . Briefly, A549 cells were infected 154 with an MOI of 5,000-50,000 viral particles (vp)/cell of fluorescently-labeled Ad vector, and 155 colocalization was measured over time by confocal microscopy for the early endosome marker 156
Early Endosome Antigen 1 (EEA1) or the late endosomal markers Lysosomal-Associated 157
Membrane Protein 1 (LAMP1) or Mannose-6-Phosphate Receptor (M6P) by 158 immunofluorescence histochemistry, and nuclei were labeled by DAPI (27-29). Viruses were 159 measured for colocalization in a given endosomal/nuclear compartment by calculation of Manzel 160 correlation coefficient, and differences between vector localization at a given time point were 161 determined by Student's t tests. 162
Ad5 virions rapidly accumulated in the peri-nuclear region, with 72.6% of virions 163 colocalizing with nuclear staining by 2 h post-infection ( Figure 1A, 1B) . Colocalization of Ad5 164 with the early endosomal marker EEA1 occurred only minimally and never exceeded 7% at any 165 timepoint measured ( Figure 1A ). Ad5 virions also localized to minor levels with late endosomes, 166 as indicated by low levels of colocalization with LAMP1 or M6P at 2 h post infection (4.0% and 167 2.7% colocalization, respectively) ( Figure 1A, 1B) . These results indicate that Ad5 rapidly 168 trafficked to the nucleus and only minimally accumulated in early and late endosomal 169
compartments. 170
Ad35 and Ad26 exhibited marked differences in intracellular trafficking pathways as 171 compared with Ad5. Ad35 and Ad26 displayed substantial but transient colocalization with the 172 early endosomal marker EEA1 at 30 min (18.5% and 45.5% colocalization, respectively) and at 173 (3.2x and 7.8x fold greater colocalization, respectively; p=0.0001, p<0.0001, respectively; 176 Student's t tests) and at 60 min (2.8x and 4.6x fold greater colocalization, respectively; 177 p=0.0082, p=0.0048, respectively). At later time points, both Ad35 and Ad26 demonstrated 178 substantial colocalization with the late endosomal marker LAMP1, with 12.6% and 25.7% of 179 virions colocalizing with late endosomes at 2 h post-infection, respectively ( Figure 1A, 1B) . Ad35 180 and Ad26 also colocalized with the late endosomal marker M6P at 2 h post-infection (15.4% and 181 26.2% of virions, respectively) ( Figure 1A, 1B) . Analysis of adherent PBMC, which include 182 multiple cellular subsets (30), showed that Ad35 and Ad26 similarly colocalized with late 183 endosomes by 2h post-infection (data not shown). Both Ad35 and Ad26 accumulated in the late 184 endosomal compartment to significantly higher levels than Ad5 at 2 h post infection as 185 measured by both LAMP1 (3.1x and 6.4x fold greater colocalization, respectively; p=0.0088, 186 p=0.0001, respectively) and M6P (5.8x and 9.8x fold greater colocalization, respectively; 187 vectors (12). In particular, both Ad35 fiber and capsid components were required to confer the 285 increased innate stimulatory properties of Ad35 relative to Ad5. We sought to determine the 286 influence of Ad fiber and capsid components on access to the late endosomal compartment and 287 the associated Ad innate sensing mechanisms. To explore the influence of the Ad fiber and 288 capsid on Ad intracellular trafficking, we utilized Ad35k5, a chimeric Ad35 with its fiber knob 289 domain replaced with that of Ad5, and Ad5f35, a chimeric Ad5 with its fiber protein replaced with 290 that of Ad35. A549 cells were infected with Ad35k5 and Ad5f35 vectors and subsequently 291 processed for immunofluorescence histochemistry and confocal microscopy as described in 292 Figure 1 . 293
Ad5f35 and Ad35k5 both displayed an initial colocalization with the EEA1 compartment 294
at 30 min (32.9% and 20.2%, respectively) and 60 min (21.4% and 22.4%, respectively), similar 295 to that observed with Ad35. Furthermore, both Ad5f35 and Ad35k5 displayed increased late 296 endosomal trafficking beginning at 2 h post infection, as indicated by higher colocalization 297 relative to Ad5 at 2 h for both LAMP1 (2.8x and 5.9x fold greater colocalization relative to Ad5, 298 respectively; p=0.0215 and p<0.0001, respectively; Students' t tests) and M6P (5.6x and 8.8x 299 higher colocalization, respectively; p=0.0003 and p<0.0001, respectively) ( Figure 7 ). These data 300 indicate that both fiber and capsid components of Ad vectors influence intracellular trafficking 301 patterns, and suggest increased late endosomal association as a mechanism for the previously 302 observed increase in innate cytokine and chemokine stimulation by both Ad5f35 and Ad35k5 303 relative to Ad5 (12) . 304
DISCUSSION 306
In this study, we show that Ad5, Ad35, and Ad26 differ substantially in their intracellular 307 trafficking patterns, with Ad35 and Ad26 accumulating to a greater degree than Ad5 in late 308 endosomes, and Ad5 rapidly trafficking to the nucleus. All three vectors were sensitive to 309 chemical inhibitors of late endosomal innate immune sensing, in particular endosomal 310 acidification, cathepsin B, and caspase-1. These studies suggest a mechanism that could 311 account for the differential innate immune stimulatory phenotypes of Ad vectors in which 312 intracellular trafficking to the late endosome contributes to these observed differences in innate 313 immunity (12, 13) (Figure 8 ). In the late endosome, virions stimulate stereotypical innate 314 immune pathways that require endosomal acidification, cathepsins, and caspase-1 (Figure 8) . 315
Taken together, these data suggest that intracellular Ad vector trafficking critically influences 316 innate immune stimulation by various Ad serotypes. 317
Innate immune stimulation elicited in response to all three Ad vectors was sensitive to 318 inhibition of acidification, cathepsins, and caspase-1, suggesting that accumulation in late 319 endosomes, rather than differential Pattern Recognition Receptor (PRR) stimulation per se, may 320 be responsible for the observed differences in innate immune phenotypes elicited by these 321 vectors. The requirement of endosomal acidification for innate sensing suggests that late 322 endosomal TLRs may be the endosomal acidification-dependent portion of the sensing pathway 323 (Figures 2, 8 ). For example, TLR9 has been previously implicated in Ad vector dsDNA genome 324 sensing, and TLR9 requires endosomal acidification for its function (14, (35) (36) (37) (38) . Additionally, 325 late endosomal lysis and Cathepsin B release into the cytosol activates the NALP3 326 inflammasome, and Cathepsin B activity is required for this process (39). The sensitivity of Ad 327 vector innate stimulation to both the Cathepsin B inhibitor Ca074-Me as well as the pan-328
Cathepsin inhibitor Z-FA for an extended period following Ad endocytosis temporally is 329 consistent with our observation that Ad35 and Ad26 vectors potentially begin exiting the late 330 endosome at 2-6 hours post-infection ( Figures 1A, 5) . Additionally, the fact that Ad vector 331 on December 26, 2017 by guest http://jvi.asm.org/ sensing was sensitive to Cathepsin inhibitors for up to 6 h following infection indicates that a 332 defect in endosomal TLR processing is unlikely to account for the reduced innate immune 333 stimulation observed. Of note, recent studies have suggested the importance of the cytosolic 334 DNA sensor cGAS for innate sensing of Ad5 in murine cells (40). The potential influence of 335 cGAS on Ad innate immune sensing as well as putative differences between Ad5, Ad35, and 336 Ad26 on cGAS stimulation will therefore be of interest for further understanding of Ad innate 337 immune sensing. Importantly, our data confirm prior observations of the importance of acid-338 dependent innate immune sensors and inflammasome activation, and extend these findings by 339
suggesting that differential trafficking of several Ad serotypes currently in pre-clinical and clinical 340 development to late endosomal compartments contributes to their innate immune stimulatory 341 phenotypes. Importantly, these data also suggest, in agreement with previous studies showing 342
Ad vector innate sensing is redundant in vivo, that several pattern recognition receptors are 343 likely important for Ad vector sensing (13, 16, 41) . 344
Our studies utilized A549 cells and human PBMC for the analysis of Ad vector 345 trafficking, and human PBMC for the assessment of innate immune phenotypes (12, 18, 22, 23, 346 42) . A limitation of studying vector trafficking in A549 cells is that they are more homogeneous 347 than the diverse cellular subsets in PBMC. We previously showed that the innate immune 348 cytokines and chemokines elicited by Ad vectors is dependent on several PBMC subsets (12). 349
Due to the bulk nature of the measurements of innate stimulation performed on PBMC, it is 350 possible that inhibition of particular cellular subsets may be responsible for the results observed. endosomal trafficking conferred by the fiber rather than primary receptor usage (15, 17, 37) . 362
Furthermore, the increased innate stimulatory capacity of Ad5f35 relative to Ad35k5, despite 363 their roughly equivalent ability to access late endosomal compartments, suggests an active role 364 of CD46 in influencing Ad vector innate immune stimulation, a possibility which warrants further 365
investigation. 366
In summary, our data suggest a potential mechanism by which Ad5, Ad35, and Ad26 367 vectors differentially stimulate innate immunity. These vectors trigger similar innate immune 368 pathways, but the extent of stimulation is driven by differential intracellular trafficking to late 369 endosomes, resulting in profound differences in innate immunity. These results have important 370
implications for the development of vaccine and gene therapy vectors and could lead to 371 strategies for rational vector design that specifically tune desired innate immune phenotypes. 
